The penicillinase from an Escherichia coli strain harboring an R factor RGN823 was purified and its properties were compared with those of a known type I penicillinase mediated by R factors. The molecular weight and S20,W of the enzyme were 22,600 and 2.42S, respectively. The isoelectric point of the enzyme was 6.9. These values are clearly different from those of type I penicillinase. The specific activity of the enzyme was 84,700 units per mg of the purified enzyme protein, which is about 20 times higher than that of the type I penicillinase. However, similarities were observed between the enzyme and the type I-penicillinase at optimal pH (6.5 to 7.0), optimal temperature (40 to 45C), substrate specificity, Michaelis constants for penicillins and cephaloridine, and effect of inhibitors. Furthermore, antiserum against type I penicillinase showed cross-reaction against this enzyme. The enzyme was named type lb penicillinase, and the original type I penicillinase was renamed type la-penicillinase.
Ampicillin resistance in many enteric bacteria depends upon the presence of a specific R factor (2) . The organism harboring the R factor constitutively produces penicillin ,B-lactamase (EC 3.5.2.6; penicillinase) which inactivates ampicillin (4, 6) . In previous papers (6, (17) (18) (19) , we demonstrated two types of penicillinase whose synthesis was mediated by R factors. These two penicillinases differ in their physicochemical, enzymological, and immunological properties, and we named them type I penicillinase and type II penicillinase, respectively. The ampicillinresistant R factors isolated from clinical sources in Japan mediate mostly the synthesis of type I penicillinase.
Recently, Ooka et al. (15) isolated an ampicillin-resistant R factor designated as RGN823 from a strain of Klebsiella pneumoniae, and reported that the penicillinase of RGN823 resembled type I penicillinase according to its substrate specificity. The penicillinase activity per bacterial weight in an Escherichia coli strain harboring this R factor was about 20 times higher than those of E. coli strains harboring the known R factors which mediate the synthesis of type I penicillinase.
In the present work, we purified the penicillinase produced by an E. coli strain harboring RGN823 to elucidate the reason for high penicillinase activity in its host organism and to compare its properties with type I penicillinase.
The RGN823-mediated penicillinase, which was named type lb penicillinase in this paper, could not be distinguished from type I penicillinase (renamed type Ia penicillinase in this paper) in many enzymological and immunological properties. However, type Ib penicillinase was distinct in its molecular weight and isoelectric point from type Ia penicillinase, and exhibited about 20 times higher specific penicillinase activity per unit of purified enzyme protein than did type Ia penicillinase.
MATERIALS AND METHODS

PENICILLINASE OF R FACTOR
ing through a continuous-flow centrifuge, and the cells were washed once with distilled water. The yield of organisms was about 16 g of wet weight. Drugs. The penicillins and cephalosporin used were benzylpenicillin, ampicillin, phenethicillin, cloxacillin, 6-aminopenicillanic acid, and cephaloridine. All penicillins except cloxacillin were supplied by Meiji Seika Co., Tokyo, Japan, and cloxacillin was kindly provided by the Bristol Laboratories, Inc., Syracuse, N.Y. Cephaloridine was a product of Glaxo Laboratories, England.
Preparation of columns. Sephadex G-50 and G-75 (Pharmacia, Uppsala, Sweden) were prepared and packed in columns as recommended by the manufacturer. Diethylaminoethyl (DEAE)-cellulose (Midorijuji Co., Osaka, Japan) was washed before use with sodium hydroxide (0.5 N) and hydrochloric acid (0.5 N) , and packed as recommended by the manufacture.
Enzyme assays. Penicillin #-lactamase (penicillinase) activity was determined iodometrically at pH 7.0 by a modification of Perret's method (16) . Cephalosporin,-lactamase (cephalosporinase) activity was measured similarly except that the amount of hydrolyzed cephaloridine was calculated on the basis of 1 mole being equivalent to 2 moles (4 g atoms) of iodine (1) . The microiodometric assay method devised by Novick (14) was employed for kinetic measurement of the enzyme reaction and for measurement of the effect of antipenicillinase serum on enzyme activity.
Penicillinase and cephalosporinase activities were expressed in units; one unit of the enzyme activities was defined as that amount of enzyme which hydrolyzes 1 pmole of benzylpenicillin or cephaloridine, respectively, in 1 hr at 30 C in 0.1 M phosphate buffer (pH 7.0) with 8 mM substrate.
Protein determinations. The concentration of proteins in column eluates was estimated by measuring the absorbancy at 280 nm. For more accurate estimations, the method of Lowry et al. (11) was used.
Aniserum preparation and inhibition of penicillinase activity by anti-penicllllnase serum. Antiserum against the type la-penicillinase, whose synthesis was mediated by the R factor RGN14, was used. The antiserum was prepared as described previously (17) . The effect of the antiserum on the enzyme was examined by one of the two methods previously described (17) . Briefly, 1 ml of the enzyme solution (in 0.05 M phosphate buffer, pH 7.0) was mixed with 0.5 ml of 10-fold diluted antiserum in a centrifuge tube, and the mixture was incubated for 1 hr at 30 C. Thereafter, 0.5 ml of 0.4 mm benzylpenicillin solution (in 0.05 M phosphate buffer, pH 7.0) was added to the mixture, and the reaction mixture was further incubated at 30 C. After 1 hr of incubation, the tube was cooled ih an ice bath and simultaneously 1.0 ml of 0.15 M sodium tungstate (in 2.0 M acetate buffer, pH 4.0) was added to the reaction mixture. The amount of hydrolyzed benzylpenicillin was assayed by the microiodometric assay method of Novick (14) . As a control, normal serum was used instead of the antiserum.
Agar-gel electrophoresis. Electrophoresis was carried out in a model TY-2-4 electrophoresis instrument from Fuji Riken Co., Tokyo, Japan. Agarose, from Nakarai Chemical Co., Kyoto, Japan, was used for the preparation of agar-gel plates (0.8% of agarose). For the analysis of enzyme purity, the gel was prepared in 0.04 M Veronal-hydrochloride buffer, pH 8.4. For determination of the isoelectric point, the gels were prepared in phosphate buffers (ionic strength, 0.04), at pH 6.63, 6.92, 7.26, and 7.58, respectively. Electrophoresis with 140 ,ug of purified penicillinase was performed at 6 ma/cm for 60 min to determine purity of penicillinase, and with 120 Ag of purified penicillinase at 6 ma/cm for 60 min for determination of the isoelectric point. The presence of protein was detected by a white band which appeared when the gel plate was soaked in 0.15 M sodium tungstate (in 2 M acetate buffer, pH 4.0), and the position and density of the white band were measured with a densitometer model Ozumor-82, from Asuka Manufacturing Co., Tokyo, Japan.
Detection of penicillinase activity on agar plates was carried out by the iodine reaction described previously (18) .
Assay of reistance to penicillins and cephaloridine. Methods were described previously (6) . RESULTS
Resistance to penicilins and cephaloridine. Levels of resistance to five penicillins and cephaloridine in the substrains of E. coli K-12 which acquired an ampicillin-resistant R factor (RGN823, RGN14, or RGN23g) are shown in (13) that penicillinase resulting from an ampicillin-resistant R factor might be a periplasmic enzyme in E. coli. We also found that the greater part of the penicillinase activity was released by osmotic shock treatment of cells from E. coli RGN823, E. coli RGN14, and E. coli RGN238. The extract containing released penicillinase exhibited higher specific enzyme activity per protein unit than that of the crude enzyme preparation obtained from sonically disrupted cells, and the release of the enzyme from cells by osmotic shock was carried out by the method of Neu and Heppel (12) at the first step. Cells (64 g, wet weight) were suspended in 1 liter of 0.03 M tris(hydroxymethyl)- bacteria).
Resistance to penicillins and cephaloridine is expressed as the maximum concentration of the drugs which allows visible growth of bacteria after 18 hr of incubation at 37 C. Abbreviations: PC-G, benzylpenicillin; PE-PC, phenethicillin; AB-PC, ampicillin; MCI-PC, cloxacillin; 6-APA, 6-aminopenicillanic acid; CER, cephaloridine.
aminomethane-hydrochloride buffer (pH 8.0) containing 20% sucrose and 1 mm ethylenediaminetetracetic acid; the suspension was immediately centrifuged for 10 min at 13,000 X g at 0 C, and the supernatant fluid was removed. The cells were suspended in a volume of cold water equal to that of the original volume of the suspension, and the suspension was centrifuged as above. The supernatant fluid contained the majority of the penicillinase activity of the cells. From the residual cell pellet, the enzyme was further extracted by two cycles of the same osmotic shock procedures, except that the volume of the suspension was 600 ml. The combined extract (about 2.2 liters) was freeze-dried and concentrated to a volume of about 500 ml. Dihydrostreptomycin sulfate was added to the enzyme solution to give 2% (w/v) concentration for removal of nucleic acids. After standing for 4 hr at 5 C, the precipitate was removed by centrifuging at 13,000 x g for 20 min at 2 C. The supernatant fluid was then dialyzed three times against distilled water at 5 C for 16 hr each. The dialyzed solution was freezedried and reconstituted in 500 ml of 0.001 M phosphate buffer at pH 6.0, and the precipitate which formed during this procedure was removed by centrifuging at 13,000 x g for 20 min at 2 C. The supernatant fluid was used for the next stage of the purification.
Stage 2: treatment with carboxymethyl-cellulose. The enzyme solution from stage 1 was mixed with 30 g of carboxymethyl-cellulose (dry weight) which had previously been equilibrated with 0.001 M phosphate buffer, pH 6.0. The enzyme was not adsorbed onto carboxymethylcellulose under those conditions. The carboxymethyl-cellulose was removed from the mixture by filtration, and the filtrate was used for the next stage of the purification.
Stage 3: gel filtrtion on Sephadex G-50. The enzyme solution from stage 2 was freeze-dried. It was reconstituted in 38 ml of distilled water and loaded onto a Sephadex G-50 column (3.5 by 55 cm) which had previously been equilibrated with 0.01 M phosphate buffer, pH 7.0. Figure 1 shows the elution patterns obtained when the The column was eluted with about 1 liter of the phosphate buffer, pH 7.0, at a flow rate of 20 ml/hr. phosphate buffer before the enzyme was eluted Each fraction (10 ml) was assayedfor protein (@) and with the same buffer containing an increased penicillinase activity (0). Fractions 21 to 34 were amount of NaCl. Figure 2 shows the elution pat-pooled for the next stage.
terns of the enzyme. Fractions 42 to 48 were pooled (70 ml total) and used for the next stage of the purification. (Fig. 7) . The isoelectric point of type Ia penicillinase, which was reported previously (18), is 5.1.
Effect of pH. The pH-activity curve for the enzyme with benzylpenicillin as the substrate is shown in Fig. 8 . The enzyme has an optimal pH range between 6.5 and 7.0. There was no appreciable difference in the optimal pH range and the shape of the pH-activity curve between the enzyme and type Ta penicillinase.
Effect of temperature. The temperature-activity curve of the enzyme, together with that of type Ia penicillinase, is shown in Fig. 9 . A temperature of 40 to 45 C was optimal for the enzyme when benzylpenicillin was used as the substrate, and no appreciable difference in peak or shape of the curves was observed between the enzyme and type Ta penicillinase. (Table  4) . The enzyme was preincubated in distilled water with each of the inhibitors and ions at indicated concentrations for 10 min at 30 C, and then assayed for enzyme activity. In the case of anions, the preincubation treatment was omitted. The results are summarized in Table 4 . Enzyme activity was almost completely inhibited by 0.5 mM iodine and ferrous ion and was inhibited two-thirds by 1 mm cupric ion (Table 4) . However, ferrous ion had little effect on the enzyme activity in crude preparations. p-Chloromercuribenzoate, urea, disodium ethylenediaminetetraacetic acid, and the other ions tested had no effect on the activity of the enzyme at indicated concentrations. The (17) showed that anti-(type la penicillinase) a Compounds revealing no effect on both enzyme activities were 1.0 mM p-chloromercuribenzoate, urea, disodium ethylenediaminetetraacetic acid, Mg'+, Ca'+, Zn2+, and Co"+, and 140 mm Na+, K+, NH4+, Cl-, N037, CHsCOO-, SO4, and H2PO47.
b Data taken from a previous paper (18) .
serum inhibits type Ia penicillinase and the species-specific penicillinases of K. pneumoniae strains, but not the activities of type II penicillinase, the species-specific penicillinases of both E. coli and Proteus mirabilis. The effect of the antiserum on the activity of the enzyme was measured under the same conditions; the results are shown in Table 5 . The antiserum exhibited the same extent of inhibition on the enzyme as on type Ia penicillinase. Summary of compariso of type lb penicl with type la penicillinase. The examined properties of the enzyme are summarized in Table 6 , b Data taken from a previous paper (17) . Datta and Kontomichalou (4) reported on three penicillinases whose syntheses were mediated by the ampicillin-resistant R factors, RTEM, R7268, and R1818, respectively. The penicillinases of RTEM and R726s resemble each other in their substrate specificity and are similar to our type I penicillinase. There is, however, a marked difference in the levels of penicillinase activity of the host bacteria between the two R factors. The relationship between RTEM and R7268 resembles that between our RGN823 and RGN14. The penicillinase of R,8,8 is similar to our type II penicillinase on the basis of its unique substrate specificity, i.e., high ability to hydrolyse cloxacillin, a substrate which is known to be very stable to many penicillinases from gram-positive and gram-negative bacteria. Datta and Richmond (5) found the specific penicillinase activity of the purified enzyme of RTEM to be 80,700 units/mg of protein, and the molecular weight to be 16,700. Most recently, Lindqvist and Nordstrom (9) purified and characterized the penicillinase from an E. coli strain harboring an ampicillin-resistant R factor, Rl. The specific activity of the purified enzyme was 2,200 units/mg of protein, and the molecular weight was 22,000. They reported that this penicillinase shows several similarities in its enzymological properties to the penicillinase of RTEM, and that the enzyme fits well into our type Ta penicillinase as to its substrate specificity. Furthermore, they found that the enzymes of RI and RTEM are immunologically cross-reacting (Richmond, personal communication). On comparing our type Ia and Tb penicillinases with the enzymes of RTEM and RI, we find considerable similarities among them in profiles of substrate specificity, optimal pH, and in the Michaelis constants. We suspect that the penicillinases of RTEM, R7268, and Rl could be grouped into our type I which includes both types Ia and Ib.
In a previous paper (17), we elucidated the striking similarities between the type Ia penicillinase and the species-specific penicillinase of K. pneumoniae, and also demonstrated that the enzyme of K. pneumoniae exhibited immunological cross-reaction against the type Ia penicillinase. From these results, we suggested that the penicillinase determinant of RGN14, which is the most common type of ampicillin-resistant R factors isolated in Japan, could have been derived from that of the K. pneumoniae group. The type Tb penicillinase is very like the species-specific penicillinase of K. pneumoniae, and it is impressive that RGN823 was originally isolated from K. pneumoniae. Subsequently, we purified and characterized the species-specific penicillinase from a strain of K. pneumoniae, and confirmed again the close relationship among this enzyme and type Ta and Ib penicillinases in their enzymological and immunological properties. However, it was found that the penicillinase of K. pneumoniae does not coincide with either type la or Ib penicihinase in its molecular weight, isoelectric point, or specific enzyme activity per mg of enzyme protein (unpublished observation). These findings are very interesting in view of the differences in molecular weight and specific enzyme activity among the penicillinases of RTEM, Rl, our type Ta and lb. On the basis of substrate specificity and affinity for inhibitors, Hamilton-Miller (7) suggested that there are three close but distinct variants of penicillinase in K. aerogenes. We observed that the levels of penicillinase activity in the clinically isolated strains of K. pneumoniae vary, although the profiles of substrate specificity of these penicillinases are similar. It is conceivable that the similarities and differences between the penicillinases which belong to our type I reflect the variance among the species-specific penicillinases of the K. pneumoniae group.
